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Lens-based systems
Lens-based systems aim to produce a magnified image on the detector. The most common way to do this is to use Fresnel Zone Plates (FZPs) 5 with a central stop 6 or a hollow axisymmetric glass capilliary 7 to condense the beam onto the sample with a controlled angular spectrum and then to use a micro FZP as the high-resolution objective to produce a magnified full-field image of the object (Fig. 2a) . 
where m is the diffraction order. For partially incoherent illumination, resolution better than the Raleigh resolution of eq 1 can be achieved.
For example, for a FZP with outermost zones of 100 nm, the resolution cutoff is at 50 nm. In practice, the measured resolution is somewhere in between the Raleigh resolution and the resolution cutoff for partially coherent imaging. This method has been pioneered using relatively soft X-rays (e.g. 0.25-1.8 keV) because it is relatively easy to make high-quality, efficient micro FZPs for this regime 6 . For harder X-rays, FZPs are needed with very high aspect ratios, defined as the ratio of the plate thickness to the outermost zone width. For example, FZPs with 890 nm thickness and 50 nm zone width have been used for focusing 8 keV X-rays with 20% efficiency, with sub-50 nm imaging resolution 8 . FZPs with focusing efficiency exceeding 30% are available for hard X-rays 9 . FZPs are not very efficient for focusing with higher diffraction orders, as the diffraction efficiency is proportional to 1/m 2 .
Yin et al. 8 found that at 8 keV, the first-order focus contains 10%
of the intensity and the third order just 1%, which is close to the theoretical prediction of 1/9. Currently, FZPs are used predominantly at synchrotron sources, mainly because of the limited brightness of available laboratory X-ray sources.
At somewhat lower spatial resolution, but with increased depth of field, are systems based on Kirkpatrick-Baez optics 10, 11 (Fig. 2b ). In this scenario, the beam is brought to a fine focus by two orthogonal reflecting surfaces with elliptical shapes. The method is well suited to hard X-rays with efficiencies around 90% 12 . Furthermore, improvements in spatial resolution will not necessarily mean a reduced efficiency as is the case for imaging with FZPs. In this off-axis focusing geometry, however, the projection of the sample can exhibit severe distortions because of profile errors of the mirrors and systematic imaging aberrations 10 . These distortions need to be properly corrected, especially for three-dimensional computed tomography applications.
A Bragg magnifier exploits the well-known principle of asymmetrical Bragg diffraction from two crossed flat crystals to magnify the beam [13] [14] [15] (Fig. 2c) . The integrated reflection power can be greater than 90%, while the magnification factor is very sensitive to the operating energy (Table 1) .
Compound lenses can be made by chaining individual parabolic lenses made from Al or Be to form the optic element of a hard X-ray microscope 16 . It is feasible to make compound lenses with appropriate focal lengths, f, for microscopy with a field of view of ~1 mm and acceptable attenuation losses. The arrangement is very simple (Fig. 2d) , 
Phase contrast
Many (especially low Z) samples show little attenuation contrast at high energies over small length scales, but the interaction crosssection of the X-ray phase shift can be approximately three orders of magnitude larger than that of absorption 18 . Phase imaging can be carried out in a number of ways, but can broadly be divided into interferometric 19 , projection methods [20] [21] [22] , and analyser methods, such as diffraction-enhanced imaging 23, 24 . Interferometric methods, while generally more difficult to set up optically, are particularly sensitive to shallow phase gradients, making them ideal for soft tissue studies.
Projection methods are more suited to imaging boundaries, e.g. cracks, fossils, etc. (Fig. 3) . On the other hand, unless full phase analysis is carried out, phase contrast can adversely affect the accuracy of quantitative attenuation contrast tomography and can be removed by reducing the coherence of the beam, for example, by using a rotating graphite diffuser 25 .
For projection-type imaging systems, phase contrast can be exploited on insertion devices 26 and bending magnets 27 at synchrotron sources, as well as on lab sources 28, 29 and scanning electron microscope systems 30 . The in-line method is often used for phase imaging, whereby the effects of phase contrast become increasingly evident as the object-detector distance, z 2 , is increased. It is possible to separate the attenuation and phase detail from a series of images taken at different z 2 20-22 . Rather than take data sets at different z 2 to determine the phase information in two dimensions before reconstruction, Groso et al. 31 exploit an algorithm by which a three-dimensional image of the phase contrast can be reconstructed directly. The approach is shown to work well for very weakly attenuating objects with one Diffraction-enhanced imaging methods involve placing an analyzer crystal after the sample to select the refracted X-rays. Very high (microradian) angular specificity in the refracted beam can be achieved by exploiting dynamical X-ray diffraction at the analyzer 32 .
Out of the many interferometric methods used for recovering the phase information 19 , it is grating interferometry that can be used at low-brilliance lab X-ray sources 33 . In the case of an incoherent source, a source grating creates an array of individually coherent sources (this can be omitted at high-brilliance sources 34 ). On passing through the object, low-level refraction occurs for each coherent subset of the beam. Subsequently, two gratings are used to detect these slight angular deviations, the first a phase grating, the second an attenuation grating with a wavelength equivalent to half that of the first grating.
The image is recorded immediately behind the second grating. By translating the second grating over one period of the grating and acquiring a series of images, one can separate phase and attenuation contrast. Unfortunately, this procedure slows the tomography aquisition process considerably; Weitkamp et al. 34 used eight images at each rotation angle in order to extract the phase contrast data.
For X-ray optics-based microscopes, Zernike phase contrast, originally proposed by Zernike 35 in 1934 for optical phase contrast microscopy, is often employed. This method is based on partially coherent illumination and uses a phase-shifting plate inserted in the back focal plane of the imaging FZP to phase shift the illumination beam by π/2 (positive phase contrast) or 3π/2 (negative phase contrast) with respect to the light scattered by the sample (Fig. 2a) .
The combination of the phase-shifted and scattered light from the sample produces an image in the detector plane that has the appearance of an absorption contrast image, but varies linearly with the phase shift of the sample structures 9 .
Recently, 'virtual optics', in which optical elements such as beam-splitters and lenses can be realized in software rather than hardware, have been proposed 36 . In this manner a lensless X-ray pointprojection microscope can be equipped with the appropriate software to emulate many phase-contrast imaging systems. The opportunities such methods provide are discussed later in the section on Future opportunities.
Lab setups and capabilities
In the pursuit of high-resolution images, the potential, convenience, and economy of lab sources are often neglected in favor of high-flux, high-coherence synchrotron sources. This is a pity as the resolution achieved by these sources can often compete with that achieved by synchrotron facilities.
Fine focus systems
Most straightforward in terms of imaging and utility are the fine-focus cone beam instruments ( Fig. 1a ) that are now commercially available.
Their main advantage is that they are very flexible instruments and can acquire images over a range of sample sizes and resolutions (Fig. 4 ).
For the highest resolutions, the sample-source distance (z 1 in Fig. 1a) must be small (~1-4 mm). This can place restrictions on the in situ environments that can be studied. Both reflection and transmission targets exist; transmission targets are said to have a finer spot because they limit the mean free path of the incident electrons. However,
Jenneson et al. 37 argue that contrary to the general consensus, electron spread is not very important: for a reflective Mo target, the eletron spread is only ~120 nm at 20 keV. High-resolution transmission sources often have a target consisting of only a few microns of target material supported on a Be backing. This absorbs a significant part of the electron beam, but does not contribute to X-ray generation. It The Nanotom by Phoenix X-ray is a 180 kV submicron focal spot instrument with a detail detectability of around 200-300 nm 38 . The 2011 Nano-CT manufactured by SkyScan employs an open-type X-ray source with a LaB 6 cathode giving a focal spot size of around 400 nm.
Detail detectability of around 200 nm is claimed, although the signalto-noise ratio can be poor.
Scanning electron microscope sources
Horn and Waltinger 39 were perhaps the first to realize that a scanning electron microscope (SEM) could be used for X-ray projection microscopy. With the arrival of field-emission gun sources and improvements in detector technology, the method can come close to the capabilities of the highest resolution synchrotron sources, but at much more modest investment and greater accessibility.
Mayo et al. 30 have developed an SEM X-ray microscope hosted within an FEI XL-30 FEGSEM. The target-to-detector distance (z 1 + z 2 ) is 240 mm and the target is capable of generating 30 keV X-rays, although the peak in X-ray flux is much lower than this. The spatial resolution and X-ray flux is dependent upon the choice of target (e.g. Au, Ag, Ta, Ti). The target determines the interaction volume, as well as the X-ray generating efficiency (which increases with atomic number). By choosing targets such as Ag (or Ti), it is possible to obtain essentially monochromatic X-rays exploiting the 2.9 keV L α (or 4.5 keV K α ) characteristic line. The thinner the target foil (<1 µm), the smaller the electron interaction volume and hence the effective source size.
Strong phase contrast has been observed in images collected in this way 30 . A resolution better than 60 nm has been reported using this method 40 (Fig. 5) .
FZP systems
Recently, commercial lab systems with sub-50 nm resolution have been reported by Tkachuk et al. 9 based on FZPs using lab X-rays.
Their system makes use of the characteristic line radiation of electron impact X-ray sources, which is well matched in monochromaticity to high-resolution FZPs. Their instrument is capable of operating in both conventional bright-field imaging mode and in Zernike-phase contrast mode. They report that the contrast can be accentuated by a factor of 80 using this method at 8 keV when viewing 50 nm-thick Cu tracks on Si substrates and 50 nm resolution can be achieved (Fig. 6) . One of the greatest advantages of using a FZP over straightforward cone-beam projection microscopy (Fig. 1a) is that it extends the distance between the source and the sample (z 1 = 20 mm, for example). Using eq 1, the theoretical spatial resolution for their FZP (d r~3 5 nm) is 45 nm and the magnification is 40x for z 2 = 1 m. The depth of field of 32 µm, which is significantly greater than the limited depths of penetration achievable for soft X-ray instruments, means that at these X-ray energies, significant three-dimensional imaging capabilities are feasible.
In view of the fact that it takes a few minutes to acquire each image, tomographic datasets generally comprise 50-100 radiographs. Because the filtered-backprojection reconstruction method does not perform well with such coarse angular spacing, the algebraic reconstruction technique (ART) is typically used. Yun et al. 42 , noting that the exposure time is inversely proportional to the fourth power of the spatial resolution and that their 30 nm FZP system takes minutes to acquire a single image, suggest that X-ray tomography with a resolution significantly better than 30 nm is likely to be restricted to synchrotron sources, unless new lab X-ray sources with higher brightness can be developed.
Synchrotron setups and capabilities
Synchrotron sources offer high flux, access to monochromatic or white radiation, and a high degree of coherence. These advantages have led to the very highest spatial resolutions achieved to date.
Fig. 5 (a) The finely focused electron beam of the SEM generates a small intense source of X-rays using a geometrically constrained target. These X-rays penetrate the sample under investigation and are collected by a highperformance direct-detection low-noise CCD detector. (Courtesy of XRT Ltd.) (b) Ceramisphere synthesize silica nano-and microparticles doped with a range of actives, in this case loaded with droplets of limonene fragrance. The largest sphere is 106 µm across. (Courtesy of Sheridan C. Mayo, CSIRO, © 2006
Elsevier.)
Projection microscopy
In spite of a spatial resolution limited to a few tenths of a micron, lensless projection using a parallel beam (Fig. 1b) has a number of practical advantages, most importantly very simple optics and a large source-sample working distance, which gives good depth of field and plenty of room to mount large samples or complex environmental stages. A good example of the method is provided by the monitoring of stress corrosion cracking in stainless steel 43 . Although the spatial resolution of the setup is only 700 nm, this is sufficient to provide important insights into the mechanism by which bridging ligaments hold up the progress of an intergranular stress corrosion crack. The experimental rig comprises two concentric Perspex tubes (Fig. 7a); the inner contains 0.15 mol of potassium tetrathionate (K 2 S 4 O 6 ), acidified with diluted sulfuric acid to pH 2, the outer tube transfers the load. Before loading, the sample is connected for a few seconds to a Pt cathode to polarize the sample, which initiates stress corrosion. 
FZP plate systems
FZPs have been employed for high-resolution imaging for many years 44 . For soft X-rays (0.25-1.8 keV), extremely small focal spots can be produced 6, 25 . Chao et al. 6 For harder X-rays, the difficulty of making FZPs increases, as does the DOF. Working in the range 8-11 keV opens up the edges of Cu, Zn, Ga, Ge, As, Ta, W, etc. appropriate to the semiconductor industry.
Yin et al. 7 have used 890 nm-thick Au FZPs to image W plugs at 60 nm resolution (Fig. 8) . These interconnect the different layers 
Kirkpatrick-Baez (KB) mirrors
FZPs start to run out of steam above 10 keV (Fig. 10) . Mokso et al. 26 have employed KB mirrors to create a zoom microscope capable of 90 nm resolution at 20.5 keV. Because the images contain both phase and attenuation contrast, a series of radiographs are collected corresponding to different focus-to-sample distances, z 1 . After correcting for the different magnifications, a phase-retrieval algorithm is applied to recover spatial resolution lost by the diffraction effects (Fig. 9 ).
Parabolic refractive lenses
Schroer et al. 17 , working at 24. 46 have speculated that a resolution below 30 nm is unlikely to be attained and predict the best spot sizes that could be achieved with various lenses in Table 2 .
Bragg multiplier
Bragg multipliers have the advantage of very high efficiency at hard X-ray energies. Recently, Stampanoni et al. 15, 47 have acquired 100 nm pixel images using 21.1 keV and 22.75 keV X-rays magnified by 20x and 100x, respectively.
Short comings and limitations
In practice there are a number of technical difficulties associated with obtaining submicron spatial resolution. These include:
1. Beam stability and mechanical stability between the source, specimen, and detector. This can be an especially important issue for ultrafine focus cone-beam lab tomography. This is because the flux generally falls with the size of the source, leading to poor signal-to-noise ratios and long acquisition times. It demands 
Energy is chosen such that absorption and Compton scattering contribute equally to attenuation. The radius of curvature is 100 µm, each compound lens comprising 300 lenses 46 .
extreme temporal source stability for quantitative imaging as well as high levels of mechanical stability to prevent blurring of the image.
2. While the circles of confusion of most rotation stages are sufficient for imaging at the micron scale, this is often not the case for nanotomography. Methods of correcting such misalignments based on fiducial markers, or cross-correlation techniques, have been developed, especially for transmission electron tomography 48 .
Another factor that must be considered is sample size. In general, as the spatial resolution increases, the acceptable sample size decreases. In most cases, the reconstruction algorithms require the full width of the object to lie within the imaged area. For detectors with 1000-2000 pixels this means that the sample must be less than 50 µm for 50 nm resolution. This often represents a serious constraint, especially for engineering samples where it may be unrepresentative to excise and study such small regions. Reconstruction approaches that ameliorate this problem are being developed 49, 50 , largely in the medical area, to reconstruct regions of interest from incomplete data. Further, in many cases, the sample source distance, z 1 , is impractically small at high resolutions, preventing the study of extended objects, or the study of samples in situ under complex environmental or loading conditions.
As mentioned above, to a certain extent some of the lens-based optics systems enable larger working distances.
Future opportunities
The highest resolution systems currently available are limited by FZP technology (Fig. 10 ). For hard, several kiloelectron volt X-ray applications, these are fabricated by means of a deep pattern transfer process 42 . While progress in the fabrication of hard X-ray zone plates has advanced significantly within the last few years, it has been estimated that the practical limit for hard X-ray zone plates using current pattern transfer technology is around 20-30 nm. An alternative method under development is to manufacture the zone plates using thin-film deposition technology 42 . Another approach is to use a multilayer Laue lens made up of sputtered thin films illuminated nearly edge-on, enabling large plate thickness to zone width ratios for which dynamical diffraction effects enhance efficiency. Spot sizes of 30 nm at 44% efficiency at 19.5 keV have been achieved for linear focusing with the prospect of 5 nm in the future 51 . Much improved procedures for the exploitation of phase contrast information is also anticipated. 26 , synchrotron [6] [7] [8] 45, 53 , multilayer Laue 51 and lab 54 FZPs, Bragg magnifiers 15 , compound lenses 17, 46 , FEG SEM cone beam optics 30 , and coherent diffraction imaging 59, 61, 62 However, recent developments point to the evolution of a 'small scale'
Fig. 10 Schematic summarizing the current capabilities (points) and potential for further developments (zones) of the various imaging modes. The data correspond to those of KB mirrors
(lab) soft X-ray microscope based around a laser-produced plasma to produce broadband or essentially monochromatic beams. In this way, Kim et al. 52 have demonstrated 50 nm resolution using FZP optics ( Fig. 2a) with single image acquisition times around a minute.
It is evident from this review that there exist a wide range of attenuation and phase contrast imaging techniques extending in resolution below the micron mark (Fig. 10 ). However to date we are some way off the theoretical wavelength limit 55 . Recent studies suggest marked improvements are possible through the development of lensless X-ray diffraction microscopy, also called coherent diffraction imaging [56] [57] [58] [59] [60] [61] . The approach is to illuminate an object with a coherent beam and to record the far-field diffraction pattern. This is then virtually phased and inverted to obtain an image (Fig. 11) . By avoiding the use of an objective lens altogether, the technique is free from the aberrations that limit resolution. Instead, the resolution is limited only by the wavelength of radiation and the minimum/maximum angles for which the diffracted information can be collected (Fig. 11, inset) . Phase retrieval requires the imposition of additional constraints to arrive at a feasible solution. A resolution of 24 nm has been demonstrated at 1.8 keV 61 , 30 nm 59 and 10 nm at 0.75 keV 62 . Furthermore, it is speculated that when single-particle free-electron lasers become available it will be possible to image at 0.7 nm resolution objects of 480 nm dimensions corresponding to a large virus or protein 62 .
